, we sought to test the hypothesis that flow also regulates H ϩ -ATPase activity in the CCD. H ϩ -ATPase activity was assayed in individually identified cells in microperfused CCDs isolated from New Zealand White rabbits, loaded with the pHsensitive dye BCECF, and then subjected to an acute intracellular acid load (NH4Cl prepulse technique). H ϩ -ATPase activity was defined as the initial rate of bafilomycin-inhibitable cell pH (pHi) recovery in the absence of luminal K ϩ , bilateral Na ϩ , and CO2/HCO 3 Ϫ , from a nadir pH of ϳ6.2. We found that 1) an increase in luminal flow rate from ϳ1 to 5 nl·min Ϫ1 ·mm Ϫ1 stimulated H ϩ -ATPase activity, 2) flowstimulated H ϩ pumping was Ca 2ϩ dependent and required microtubule integrity, and 3) basal and flow-stimulated pHi recovery was detected in cells that labeled with the apical principal cell marker rhodamine Dolichos biflorus agglutinin as well as cells that did not. We conclude that luminal flow modulates H ϩ -ATPase activity in the rabbit CCD and that H ϩ -ATPases therein are present in both principal and intercalated cells. mechanoregulation; in vitro microperfusion; intercalated cell; principal cell; immunofluorescence EMERGING EVIDENCE SUGGESTS that axial flow regulates activity of apical renal tubular acid-base transporters (12, 13, 49) . In mouse proximal tubules microperfused in vitro, a fivefold increase in the rate of luminal perfusion leads to a doubling of Na ϩ (J v ; equivalent to volume) and HCO 3 Ϫ reabsorption (J HCO3 ) (12) . This flow-induced response was proposed to be due to direct stimulation of apical Na ϩ /H ϩ exchanger 3 (NHE3) and H ϩ -ATPase as flow-stimulated J V and J HCO3 were diminished in NHE3 knockout mice and inhibited by EIPA and bafilomycin, blockers specific for NHE3 and H ϩ -ATPase, respectively (12) . Mathematical models predict that brush border microvilli serve as afferent mechanosensors of axial flow along the proximal tubule, at least for NHE3. Specifically, the drag force on each microvillus produces a bending moment on an actin filament bundle that is transmitted to the underlying actin cytoskeleton (11, 12, 74) .
The distal nephron, including the cortical collecting duct (CCD), is a heterogeneous segment, composed of both principal and intercalated cells. Principal cells possess a central apical cilium, now considered to be a mechanosensor critical to the intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) response to flow, whereas intercalated cells are decorated with abundant apical microvilli and microplicae (17, 36, 48) . Principal cells, the majority cell type, reabsorb Na ϩ through apical epithelial Na ϩ channels (ENaC) and secrete K ϩ via ROMK and BK channels. Intercalated cells are involved in transepithelial acid/base transport via polarized H ϩ -ATPases and Cl Ϫ /HCO 3 Ϫ exchangers and may also contribute to K ϩ reabsorption via apical H ϩ -K ϩ -ATPases, composed of HK-␣1 (gastric) and HK-␣2 (colonic) isoforms, under certain conditions (10, 38, 54, 60, 66) . Intercalated cell subtypes include type A (or ␣), which mediate H ϩ secretion and possess apical H ϩ -ATPase and basolateral AE1 (1, 58, 60) ; type B (or ␤), which secrete HCO 3 Ϫ via apical pendrin, a Na ϩ -independent Cl Ϫ /HCO 3 Ϫ exchanger, and express basolateral H ϩ -ATPase (1, 50, 60, 67); and non-A non-B with both apical H ϩ -ATPase and pendrin (15, 27) , cells whose function is as yet unknown. Intercalated cells also possess apical conducting BK channels (31, 45, 55) , which have been proposed to function in flow-induced K ϩ secretion (34) as well as to recycle K ϩ taken up by the apical H ϩ -K ϩ -ATPase back into the luminal fluid (63) . Increases in luminal flow rate in the CCD stimulate ENaC-mediated net Na ϩ absorption and BK channel-mediated K ϩ secretion, and lead to a transient increase in [Ca 2ϩ ] i in both principal and intercalated cells (33, 36, 57, 81) .
Based on the studies summarized above, and the observations that 1) increases in [Ca 2ϩ ] i in acid-secreting ␣-intercalated cells in turtle bladder lead to exocytosis of H ϩ -ATPasecontaining vesicles (8, 71) and 2) chronic administration of diuretics enhances distal acidification by upregulating H ϩ -ATPase activity in intercalated cells in rat kidney (43), we hypothesized that the H ϩ -ATPase present in the mammalian CCD is regulated by variations in luminal flow rate. We tested this in microperfused rabbit CCDs loaded with a pH-sensitive fluorescent dye by measuring the effect of luminal flow rate on Na ϩ -independent bafilomycin-sensitive intracellular pH (pH i ) recovery from an intracellular acid load. Solutions and chemicals. The compositions of the solutions used have been previously described (10) and are given in Table 1 . All experiments were performed in the nominal absence of CO 2/HCO3 Ϫ using solutions buffered with HEPES, adjusted to pH 7.4, and 290 Ϯ 2 mosmol/kgH 2O using NaOH in Na ϩ -containing solutions or Nmethyl-D-glucamine in Na ϩ -free solutions. The intracellular calibration solution was titrated to pH 6.8, 7.3, and 7.8 using HCl or KOH.
METHODS

Animals
The fluorescent probes used included the pH indicator BCECF-AM (Molecular Probes, Eugene, OR), the Ca 2ϩ indicator fura 2 acetoxymethyl ester (fura 2-AM; Calbiochem), and principal cell marker rhodamine Dolichos biflorus agglutinin (DBA; Vector Labs, Burlingame) (16) . The 20 mM stock solutions of BCECF-AM and fura 2-AM, prepared in DMSO, were diluted into Na ϩ -Ringer solution to a final concentration of 20 M. DBA was added directly to the Na ϩ -Ringer solution in a concentration of 10 g/ml.
Bafilomycin A1 (LC Laboratories, Woburn, MA), a potent and specific inhibitor of vacuolar-type H ϩ -ATPases (4), was prepared as a 1 M stock solution in DMSO and diluted on the day of experimentation to a final concentration of 10 nM. As indicated, some tubules were pretreated with either the acetoxymethyl ester of BAPTA (20 M final concentration prepared from 20 mM stock solution in DMSO; Molecular Probes) to chelate [Ca 2ϩ ]i or colchicine (10 M final concentration prepared from 2.5 mM stock solution in water; Sigma, St. Louis, MO) to disrupt microtubules, added to the bathing solution (32, 73) . Nigericin (Sigma-Aldrich) was prepared as a 2 mM stock solution and diluted to 10 M in each standard calibration solution. All dilutions of dyes and inhibitors yielded a final concentration of DMSO of Յ0.1%.
Microperfusion of isolated rabbit CCDs. The kidneys were removed via a midline incision, sliced into 2-mm coronal sections, and single mid-CCDs were dissected freehand in cold (4°C) Na ϩ -Ringer solution. A single tubule was studied from each animal. Isolated CCDs were microperfused in vitro as previously described (10, 35) . Briefly, each isolated tubule was immediately transferred to a temperature-controlled specimen chamber, assembled with a no. 1 coverslip (Corning) painted with a 3-l drop of poly-D-lysine hydrobromide (0.01%; BS Biosciences), and set on the stage of a Nikon inverted epifluorescence microscope (Eclipse TE300 or Diaphot) linked to a Cascade 512F (Photometrics) or cooled Pentamax chargecoupled device (Princeton Instruments) camera interfaced with a digital imaging system (MetaFluor, Universal Imaging, West Chester, PA). The CCD was mounted on concentric glass pipettes, cannulated, and then positioned directly on the poly-D-lysine to immobilize the segment for the duration of the experiment, as previously described (36) . Tubules were initially perfused and bathed at 37°C in symmetrical Ringer solution for the 30-min equilibration period before each experiment. The bathing solution was continuously exchanged throughout the experiment at a rate of 10 ml/h using a syringe pump (Razel, Stamford, CT) and maintained at 37°C.
For measurements of pH i, each CCD was incubated for 20 min in 20 M BCECF-AM added to the bathing medium, as originally described by Weiner and Hamm (77). The luminal perfusate was then replaced with the Na ϩ -and K ϩ -free solution (0Na, 0K; Table 1 ), to which 10 nM bafilomycin was added in some experiments, and the bath with a Na ϩ -Ringer solution. As indicated, BAPTA-AM (20 M) was added to the bath at this point; in all experiments with colchicine (10 M), the inhibitor was present in all bathing solutions, including the dissection solution. pH i measurements were begun after at least a 15-min washout of residual BCECF-AM from the bath.
Measurement of pHi. BCECF-loaded cells were visualized using a Nikon S Fluor ϫ40 objective (numeric aperture 0.9, working distance 0.3). Autofluorescence was not detected at the camera gains utilized. Tubules were alternately excited at 490 and 440 nm using an excitation wavelength switcher (DG-4 or LAMBDA 10 -2; Sutter); images of the fluorescence emission at 530 nm were acquired at intervals ranging from 2 to 15 s using MetaFluor image acquisition software (Universal Imaging, West Chester, PA) and were stored on a Digital Instruments computer. The 490 nm/440 nm fluorescence intensity ratios (FIRs) were subsequently calculated using our commercially available digital image-analysis system (MetaFluor).
We (10) and others (77) have previously reported that esterase-rich intercalated cells can be distinguished from principal cells by their preferential accumulation of BCECF and brighter appearance when viewed under epifluorescence illumination. Confirmation of the identity of principal cells was sought by their selective apical binding of DBA added to the luminal perfusate at the conclusion of each experiment before the intracellular calibration was performed (Fig. 1 ).
An intracellular calibration was performed in each CCD using the nigericin technique and high-K ϩ intracellular calibration buffers (Table 1) (69) . Linear regression analysis was used to generate a calibration curve that was then used for conversion of calculated FIRs to pHi using standard equations.
At least two intercalated and two principal cells residing in the lateral wall of the midregion of each perfused CCD (to capture the fluorescence signal from a single cell) were randomly selected for final analysis. The steady-state pH i of a single cell was calculated based on the average of at least six FIR readings; the steady-state pHi value for principal or intercalated cells in a single tubule was calculated as the mean pH i of at least two cells along the wall of each tubule. All pHi results are reported as the mean of n tubules.
Kinetic assay for H ϩ -ATPase activity. The sensitivity of H ϩ pumps to fluid flow rate was examined by measuring the effect of variations in luminal flow rate on Na ϩ -independent pHi recovery from an intracellular acid load, accomplished by a ϳ5-min peritubular exposure of BCECF-loaded CCDs to a 20 mM NH 4Cl solution ( Table 1) . Measurement of luminal flow rates was performed before the NH4Cl pulse, after each change in luminal perfusate, or at least three times during a single experiment by timed filling of a precalibrated volumetric pipette. Rapid washout of the basolateral NH 4Cl solution with a Na ϩ -free solution (0Na, 5K; Table 1 ) led to a fall in pHi to ϳ6.2 (Figs. 2 and 3); these manual washes were accomplished by fully replacing the volume of the bath (ϳ1.5 ml) at least three times within 10 s.
Recovery of pH i from its nadir was monitored initially in the absence of Na ϩ and K ϩ (0Na, 0K; Table 1 ) in the lumen and Na ϩ (0Na, 5K; Table 1 ) in the bath. We have previously reported that replacement of luminal Na ϩ -Ringer solution with a 0Na, 0K solution has no significant effect on steady-state pHi in microperfused CCDs (10) . Once pHi stabilized, 5 mM K ϩ was added to the luminal perfusate (0Na, 5K solution; Table 1 ), and pHi was again monitored. On reaching a new steady state, Na ϩ -Ringer solution was restored to the bath and pHi recovery was again followed.
After each change in solution, pHi was followed for at least 10 min or, if cell alkalinization was observed, until pHi stabilized (Fig. 2) . In one set of experiments designed to identify the nature of the Na ϩ -and luminal K ϩ -independent pHi recovery routinely observed at pHi values less than ϳ6.6, the experimental protocol described above was modified to include the addition of bafilomycin A 1 to the 0Na, 0K luminal perfusate (Table 1 ). The initial rate of change in pH i (dpHi/dt) observed in response to a change in luminal or bathing solution was calculated by linear regression analysis of the rate of recovery over ϳ30 -60 s, as previously described (10) . Mean slopes of pH i recovery for principal and intercalated cells were calculated for each CCD.
Experiments were rejected if we observed a Ն60% loss in the 450-nm fluorescence intensity from the initial value. Also excluded from the present study were those experiments in which peritubular Na ϩ restoration failed to restore pHi to baseline, except when the steady-state pH i after luminal K ϩ restoration was already near baseline.
We did not attempt to differentiate intercalated cell subtypes in this study, as initial studies revealed little variability in pHi recovery rates among intercalated cells examined at slow and fast flow rates. Similarly, Silver et al. (62) also found a normal distribution of pHi recovery rates after an acid load among intercalated cells in the rat, thus leading these investigators not to distinguish ␣-type from ␤-type intercalated cells for the functional portion of their study. We thus grouped values from all intercalated cells analyzed together for statistical analysis. Note that we focused our studies on the mid-CCD, which we have previously characterized in terms of intercalated cell composition. Specifically, we have reported, based on functional assays of this segment in the rabbit, that ϳ78% of intercalated cells, defined as cells concentrating the pH-sensitive dye 6-carboxyfluorescein, bind peanut lectin agglutinin to their apical surfaces and are thus considered to be ␤ cells (61) .
Measurement of buffer capacity. To test whether flow rate alters buffer capacity in CCD cells, we calculated intrinsic buffer capacity, as we have previously described (54) , in individually identified cells in BCECF-loaded tubules perfused and bathed in a Na ϩ -and HCO 3 Ϫ -free solution and subject to the rapid NH3/NH 4 ϩ withdrawal as described above. Buffer capacity (mM/pH U) was calculated as B ϭ ⌬[NH ; left) or fast (ϳ5 nl·min Ϫ1 ·mm Ϫ1 ; right) luminal flow rate. L identifies the solutions in the lumen, and B the solutions in the bath. In both panels, cytoplasmic acidification from an initial pHi of ϳ7.3 in Na ϩ -Ringer (NR) solution to a nadir pHi of ϳ6.2 was accomplished by a brief exposure to a peritubular 20 mM NH4Cl pulse. In the absence of luminal Na ϩ and K ϩ (0Na, 0K), washout of the peritubular NH4Cl with a 0Na, 5K solution led to a minimal (at a slow flow rate) or partial (at a fast flow rate) pHi recovery in both PC and IC. pHi recovery in the absence of luminal K ϩ and bilateral Na ϩ is predominantly mediated by the vacuolar H ϩ -ATPase. Readdition of 5 mM K ϩ (0Na, 5K) to the luminal perfusate led to a further increase in pHi; pHi recovery observed following restoration of K ϩ to the luminal perfusate is presumably mediated by the H ϩ -K ϩ -ATPase. Restoration of extracellular Na ϩ (NR) to provide substrate for the basolateral Na ϩ /H ϩ exchanger led to full recovery of pHi in both cell types to ϳ7.3 in all CCDs studied. extracellular NH 4 ϩ concentration. ⌬pHi was calculated as the difference in pHi between that measured just before and after the rapid NH4Cl washout.
Measurement of [Ca 2ϩ ]i. Following equilibration, microperfused tubules were loaded with 10 M fura 2-AM added to the bath for 20 min. [Ca 2ϩ ]i was measured in individually identified fura 2-loaded cells subject to the identical in vitro acid loading and recovery protocol depicted in Fig. 2 and visualized using the imaging system described above. Autofluorescence was not detected at the camera gains utilized.
For acquiring data in fura 2-loaded CCDs, tubules were alternately excited at 340 and 380 nm and images acquired every 15 s were digitized for subsequent analysis. At the conclusion of each experiment, an intracellular calibration was performed using 10 M EGTA-AM in a Ca 2ϩ -free bath and then a 2 mM Ca 2ϩ bath containing ionomycin (10 M) (36 Immunolocalization of H ϩ -ATPase in rabbit kidneys. Freshly harvested kidneys were cut into ϳ5-mm slices, and fixed using 4% paraformaldehyde-lysine-periodate buffer (40, 46) by immersion for 3 h at room temperature (RT). The fixed kidney tissues were washed in PBS and quenched in NH 4Cl, followed by washes in PBS. Tissues were cryoprotected by immersion in a 30% sucrose solution in PBS at 4°C overnight. These tissues were embedded using Tissue-Tek-OCT at Ϫ27°C, and 4-m cryosections were obtained and placed onto polylysine-coated slides (Fisher). After 30-min rehydration in PBS, the slides were subject to a 1% SDS in PBS antigen retrieval step for 4 min in a wet chamber. After several washes in PBS, the sections were blocked in 1% BSA in PBS for 15 min (6). Then, the sections were incubated with DBA at a 1:100 dilution for 1 h at RT, followed by a 5-min wash in PBS and then by incubation in the presence or absence (no-primary control) of an antibody directed against the E subunit of the V-ATPase (raised in chickens, 1:500 dilution; GenWay) (21) for 75 min at RT, followed by two high-salt-PBS (2.7% NaCl) and one normal-strength PBS wash. Thereafter, both slides were incubated with a secondary goat-anti-chicken antibody coupled to FITC (1:100; Jackson Immunologicals) for 1 h at RT. After washes as above, the slides were mounted with Vectashield (Vector Laboratories). The tissues immunostained with the antibody against the VATPase E subunit and the no-primary control were imaged using a Leica TSC confocal microscope with a ϫ100 objective, with identical laser acquisition settings, then imported into Adobe Photoshop for identical adjusting of levels of both the H ϩ -ATPase and the noprimary control images. Labels were added in Indesign (Adobe).
Control studies with the antibody preincubated with its respective immunogen were not performed, as the immunogen was not available from the original manufacturer. However, the antibody was tested by Western blotting by the manufacturer, and we (21, 24, 25) and others (82) have further shown cell-specific labeling of clear and intercalated cells in rat tissues using this antibody, as has been reported using other antibodies against the E subunit.
In addition, we also performed immunofluorescence labeling of rabbit kidneys using an antibody directed against the V-ATPase A subunit, raised in chickens, at a 1:100 concentration (Genway; immunogen not available from the manufacturer). The secondary antibody used was a goat anti-chicken antibody coupled to Alexa Fluor 488 at a 1:800 dilution. Images were obtained using a ϫ63 objective.
Statistics. Results are expressed as means Ϯ SE; n represents the number of tubules. At least four randomly chosen cells were functionally analyzed in each CCD. Significant differences between paired data were determined by a paired t-test. Comparisons of unpaired data were performed by t-test and analysis of variance, as appropriate. Commercially available statistical software (SigmaStat; SPSS Chicago, IL) was used for all statistical analyses. Significance was asserted if P Ͻ 0.05. , baseline steady-state pH i was similar in both intercalated (7.34 Ϯ 0.04) and principal (7.27 Ϯ 0.05; P ϭ NS) cells and was not different from that observed in the respective cell type at the slow flow rate (P ϭ NS) (Figs. 2 and 3 ). Buffer capacity in was similar in both intercalated (28.1 Ϯ 5.7 mM/pH U) and principal (29.3 Ϯ 6.0 mM/pH U; P ϭ NS) cells perfused at the slow flow rate and was unchanged by a fivefold increase in flow rate (26.8 Ϯ 8.7 and 24.8 Ϯ 8.3 mM/pH U, respectively; P ϭ NS vs. same cell at slow flow rate).
RESULTS
Effect
As changes in cell volume could alter the correlation between H ϩ secretion and changes in pH i recovery, we measured the inner and outer diameters of CCDs perfused at slow and fast flow rates and calculated cell height. In tubules perfused and bathed in Na ϩ -Ringer solution at the slow flow rate of 1 nl·min
, these values were 15.9 Ϯ 1.6, 37.5 Ϯ 1.0, and 10.8 Ϯ 0.3 m, respectively. In tubules perfused at the fast flow rate of 5.5 Ϯ 0.3 nl·min Ϫ1 ·mm Ϫ1 , inner and outer diameters and cell height (19.6 Ϯ 1.4, 36.9 Ϯ 2.6, and 11.1 Ϯ 0.8 mm, respectively) were not significantly different from those measured at the slow flow rate (P ϭ NS). (Figs. 2-4) . We have previously reported that in the presence of 5 mM K ϩ in the bath but not luminal perfusate, Na ϩ -independent pH i recovery is mediated primarily by the vacuolar H ϩ -ATPase, which appears to "turn off" at a pH i of 6.6 (10). Restoration of 5 mM K ϩ to the lumen led to a further increase in pH i at a rate of 0.088 Ϯ 0.016 pH U/min to stabilize at a pH i of 6.75 Ϯ 0.18 within 5.8 Ϯ 1.0 min (Figs. 2-4) . We have previously reported that this luminal K ϩ -dependent, Na ϩ -independent pH i recovery is mediated by an apical H ϩ -K ϩ -ATPase as it is effectively inhibited by 10 M SCH28080, an inhibitor of the H ϩ -K ϩ -ATPase (10). Thereafter, restoration of Na ϩ to the bathing solution resulted in a further cell alkalinization, presumably the result of basolateral Na ϩ /H ϩ exchange, to reach a pH i of 7.27 Ϯ 0.08 (Figs. 2 and 3) .
In a similar series of studies in which five CCDs were perfused at a fast luminal flow rate of 5.5 Ϯ 0.3 nl·min Ϫ1 ·mm Ϫ1 with a 0Na, 0K solution and bathed in a 0Na, 5K solution, the initial alkalinization from the nadir pH i of 6.14 Ϯ 0.09 averaged 0.146 Ϯ 0.023 pH U/min (P Ͻ 0.03 vs. rate at 1 nl·min Ϫ1 ·mm Ϫ1 ) (Figs. 2-4) . Once pH i stabilized at 6.62 Ϯ 0.06 within 4.3 Ϯ 0.8 min, restoration of 5 mM K ϩ to the lumen led to a further increase in pH i at a rate of 0.094 Ϯ 0.020 pH U/min (P ϭ NS vs. rate at 1 nl·min Ϫ1 ·mm Ϫ1 ) to reach a plateau pH i of 6.95 Ϯ 0.16 within 6.8 Ϯ 1.4 min (Figs.
2-4). Addition of Na
ϩ to the bathing solution at this point led to a further cell alkalinization to 7.38 Ϯ 0.09, a value not significantly different from baseline (Figs. 2 and 3) .
To confirm that the flow-stimulated, Na ϩ -independent pH i recovery from the nadir observed in the absence of luminal K ϩ was due predominantly to an H ϩ -ATPase, as our previous studies suggested (10), pH i recovery from a nadir of 6.14 Ϯ 0.10 was monitored in a separate group of six CCDs pretreated with and perfused in the continuous presence of luminal bafilomycin. In these CCDs, perfused at a luminal flow rate of 5.6 Ϯ 0.2 nl·min
, the initial rate of pH i recovery was only 0.052 Ϯ 0.014 pH U/min, a rate significantly less than that observed in CCDs perfused at the same flow rate in the absence of inhibitor (P Ͻ 0.01) and not significantly different from that observed in CCDs perfused at the slow flow rate, to a plateau pH i of 6.31 Ϯ 0.11 (P Ͻ 0.03 vs. plateau pH i of 6.62 Ϯ 0.06 observed in untreated CCDs perfused at a fast flow rate) (Figs. 4 and 5) . We propose that this residual bafilomycin-insensitive rate of pH i recovery is due, at least in part, to a basolateral H . Initial rates of luminal K ϩ -independent (KB) and K ϩ -dependent (KL) Na ϩ -independent pHi recovery (⌬pHi/⌬t) of PC and IC in CCDs subject to an in vitro acid load and microperfused under the following conditions: slow luminal flow rate (n ϭ 4), fast luminal flow rate (n ϭ 5), and then fast flow after pretreatment with bafilomycin (n ϭ 6), BAPTA-AM (n ϭ 4), or colchicine (n ϭ 4). Values are means Ϯ SE. Statistical differences by t-test: *P Ͻ 0.05 vs. slow flow rate. #P Ͻ 0.05 vs. fast flow rate. ANOVA confirmed the statistical differences among the rates of recovery in the KB groups but revealed no significant difference among the KL groups. with a 0Na, 0K solution (Figs. 2 and 3 ). From this nadir pH i , these cells exhibited an alkalization at an initial rate of 0.050 Ϯ 0.009 pH U/min to reach a pH i of 6.45 Ϯ 0.11 over a period of 5.6 Ϯ 0.6 min (Figs. 2-4) . Restoration of 5 mM K ϩ to the lumen led to a further increase in pH i at a rate of 0.084 Ϯ 0.016 pH U/min to stabilize at a pH i of 6.72 Ϯ 0.13 within 5.7 Ϯ 1.3 min (Figs. 2-4) . Thereafter, restoration of Na ϩ to the bathing solution resulted in a further cell alkalinization, presumably the result of basolateral Na ϩ /H ϩ exchange, to reach a pH i of 7.29 Ϯ 0.11 ( Figs. 2 and 3) .
In a similar series of studies in which five CCDs were perfused at a fast luminal flow rate of 5.5 Ϯ 0.3 nl·min
Ϫ1
·mm
Ϫ1 with a 0Na, 0K solution and bathed in a 0Na, 5K solution, the initial alkalinization from the nadir pH i of 6.23 Ϯ 0.06 averaged 0.126 Ϯ 0.004 pH U/min (P Ͻ 0.001 vs. rate at 1 nl·min Ϫ1 ·mm Ϫ1 ) (Figs. 2-4) . Once pH i stabilized at 6.68 Ϯ 0.06 within 5.0 Ϯ 1.0 min, restoration of 5 mM K ϩ to the lumen led to a further increase in pH i at a rate of 0.062 Ϯ 0.016 pH U/min (P ϭ NS vs. rate at 1 nl·min Ϫ1 ·mm Ϫ1 ) to reach a pH i of 6.94 Ϯ 0.15 within 7.5 Ϯ 1.7 min (Figs. 2-4) . Addition of Na ϩ to the bathing solution at this point led to a further cell alkalinization to 7.35 Ϯ 0.05, a value not significantly different from baseline (Figs. 2 and 3) .
To discern whether the flow-stimulated Na ϩ -independent pH i recovery from the nadir observed in the absence of luminal K ϩ was due to an H ϩ -ATPase, pH i recovery from a nadir of 6.09 Ϯ 0.09 was monitored in a separate group of six CCDs pretreated with and perfused in the continuous presence of luminal bafilomycin. In these CCDs, perfused at a luminal flow rate of 5.6 Ϯ 0.2 nl·min Ϫ1 ·mm Ϫ1 , the initial rate of pH i recovery was 0.054 Ϯ 0.013 pH U/min, a rate significantly less than that observed in CCDs perfused at the same flow rate in the absence of inhibitor (P Ͻ 0.001) and not significantly different from that observed in CCDs perfused at the slow flow rate, to a plateau pH i of 6.33 Ϯ 0.11 (P Ͻ 0.03 vs. plateau pH i of 6.68 Ϯ 0.06 observed in untreated CCDs perfused at a fast flow rate) (Figs. 4 and 5) . As for the DBA-negative cells studied above, we propose that this residual rate of bafilomycin-insensitive pH i recovery is due, at least in part, to a basolateral H ϩ -K ϩ -ATPase (10). at baseline (initial value), 3-5 min after addition of NH 4 Cl to the bath, immediately and then 10 min after washout of the NH 4 Cl pulse with a 0Na, 5K bathing solution, 10 min after readdition of K ϩ to the lumen, and 10 min after restoration of Na ϩ to the bathing medium. As shown in Fig. 6 ] i from ϳ100 to 350 nM within ϳ10 s, followed by a gradual decay to a plateau [Ca 2ϩ ] i value that significantly exceeds baseline for at least 10 min during a period of sustained high flow (32, 36) . To examine whether flow-stimulation of H ]i) in PC and IC cells in CCDs (n ϭ 4) perfused at a fast flow rate and subject to the in vitro acid loading and recovery protocol described in Fig. 2. [Ca 2ϩ ]i was examined in CCDs at baseline (initial value), 3-5 min after addition of NH4Cl to the bath, immediately and then 10 min after washout of the NH4Cl pulse with a 0Na, 5K bathing solution, 10 min after readdition of K ϩ to the lumen, and after restoration of Na ϩ to the bathing medium. Values are means Ϯ SE. *P Ͻ 0.05 vs. initial value. (44) that also inhibits vesicle transport between the trans-Golgi network (TGN) and the plasma membrane of polarized epithelial cells (22, 72) . CCDs were exposed to colchicine during microdissection as well as throughout the entire experiment, and the rates of pH i recovery from an acute acid load were measured at fast (5.5 Ϯ 0.2 nl·min Immunolocalization of H ϩ -ATPase in rabbit CCD. Immunodetectable V-ATPase E subunit was observed by indirect immunofluorescence confocal microscopy in rabbit CCD (Fig. 9) . The ␣-intercalated cells revealed characteristic apical labeling for the V-ATPase E subunit (Fig. 9C, arrowheads) . Principal cells were identified by their apical labeling with DBA coupled to CY3 (Fig. 9, B-E) . Note that principal cells in the rabbit collecting duct also exhibited weak apical immunolabeling for the V-ATPase E subunit (Fig. 9C, arrows) ; these cells showed partial colocalization (yellow) of the V-ATPase E subunit (green) and DBA (red). In the absence of primary antibody against the V-ATPase E subunit, neither intercalated nor principal cells labeled specifically with the antibody (Figs. 9, D and F) .
Moreover, we also detected the V-ATPase A subunit (ATP6V1A) by indirect immunofluorescence labeling and confocal microscopy in rabbit CCD (Fig. 10) . We identified three distinct patterns of A subunit immunolabeling in the epithelial cells ( Fig. 10 ): 1) intense immunolabeling at the luminal/apical membrane, in a pattern consistent with ␣-intercalated cells (arrowheads); 2) diffuse labeling, presumably of ␤-intercalated cells (arrowheads); and 3) weak immunolabeling at the apical pole of other cells, presumably principal cells.
DISCUSSION
Axial flow modulates HCO 3
Ϫ reabsorption in the proximal tubule due, at least in part, to stimulation of luminal H ϩ -ATPase activity (11) . Recent evidence indicates that fluid shear stress induces the translocation of cytoplasmic H ϩ -ATPases to the apical plasma membrane in the proximal tubule, a process that requires an intact microtubule network (11, 13) . Long-term use of furosemide or hydrochlorothiazide enhances distal urinary acidification and leads to metabolic alkalosis, classically attributed to an increase in distal delivery of Na ϩ to and reabsorption in the connecting tubule and CCD (28), thereby augmenting the lumen-negative transepithelial voltage favoring H ϩ secretion. In addition, chronic diuretic administration increases abundance of H ϩ -ATPase B1 subunit protein, but not its subcellular localization, irrespective of electrogenic Na ϩ absorption and in the absence of changes in circulating levels of aldosterone (43) . These observations led us to test the hypothesis that luminal flow also regulates H ϩ -ATPase activity in the CCD.
The results of this study show that bafilomycin-sensitive H ϩ -ATPase activity in DBA-negative, and thus presumably intercalated cells, and DBA-positive principal cells in the rabbit mid-CCD is regulated by luminal flow rate in a Ca 2ϩ -dependent manner that requires microtubule integrity. Na ϩ -independent, luminal K ϩ -dependent pH i recovery from an NH 4 Cl-imposed acute acid load, previously reported by us to be sensitive to SCH28080 and thus mediated by an H-K ϩ -ATPase (10, 65), did not show flow dependence under the conditions of our assay.
We did not attempt to confirm the identity of the intercalated cell subtypes examined in this study, but based on functional studies by ourselves (54, 61) and others (15, 78) , we assume that the majority of intercalated cells examined had apical anion exchangers. This assumption predicts that H ϩ pumps activated by flow may have been present in the apical (in type A or ␣ cells) or basolateral (in type B or ␤ cells) membranes of cells studied. As bafilomycin is cell permeant, it was expected to inhibit both apical, basolateral, and cytoplasmic H ϩ -ATPases. This prediction begs the question as to what the mechanosensor is for flow activation of the H ϩ pump. Whereas it is generally well established that the brush-border microvilli in the proximal tubule and the primary cilia in the CCD can serve as sensors of luminal flow (reviewed in Ref. 74 ), the mechanism(s) by which apical mechanical signals might be transmitted to the intracellular cytoskeleton and thereby regulate distant (e.g., basolateral) membrane transport proteins remains to be explored. The observation that luminal fluid shear stress (FSS) in the proximal tubule regulates peritubular Na-K-ATPase activity by stimulating the translocation of intracellular pumps into the basolateral membrane (14) sets a precedent for our finding of flow-stimulated H ϩ pumping in presumed ␤-intercalated cells.
The Ca 2ϩ dependence of this process was intriguing. An acute elevation of PCO 2 rapidly stimulates the exocytotic fusion of vesicles containing H ϩ -ATPases with the luminal membrane of intercalated cells (20, 59, 68) , a response induced by a transient increase in [Ca 2ϩ ] i (8, 71) . Indeed, it is well established that [Ca 2ϩ ] i regulates exocytosis and secretion in epithelial cells via, at least in part, microtubule-dependent movement of secretory vesicles (2, 3, 7) . Our finding that intracellular Ca 2ϩ chelation inhibited flow-stimulated, H ϩ -ATPase-mediated H ϩ pumping suggests a role for exocytosis in this response. In support of this speculation is our finding that flow-stimulated H ϩ extrusion appears also to depend on microtubule integrity, as it was abolished in CCDs pretreated with colchicine.
Mathematical models for collecting duct acid excretion predict a strong flow dependence of urinary pH (80) . In fact, functional studies in microperfused rabbit CCDs suggest that acid-base transport is regulated by tubular fluid flow. In microperfused CCDs poised for HCO 3 Ϫ secretion (e.g., isolated from alkali-loaded rabbits), an increase in tubular fluid flow rate from 1 to 5 nl·min Ϫ1 ·mm Ϫ1 leads to a reduction in the rate of net HCO 3 Ϫ secretion from Ϫ6 to 0 pmol·min Ϫ1 ·mm Ϫ1 (37) . Other studies in which J HCO3 was measured in rabbit CCDs microperfused with a 25 mM HCO 3 Ϫ , ϳ120 mM Cl Ϫ perfusate at variable flow rates also provides evidence for a flow dependence of acid-base transport (18, 19, 56, 70) ; specifically, these data suggest that an increase in tubular fluid flow rate reduces net HCO 3 Ϫ secretion in rabbit CCDs. It should be noted that in contrast to rabbits, an increase in flow rate in rat CCD is associated with an increase, no change, or reduction in J HCO3 (summarized in Ref. 9) .
In principle, a flow-induced change in net HCO not traditionally been considered to have V-ATPase activity. We must thus acknowledge that our finding of a bafilomycinsensitive H ϩ extrusion pathway in principal cells in this segment may be species and segment specific, unique to the rabbit mid-CCD. Additional support for species-and/or segmentspecific expression of this pump is provided by the studies of Miller et al. (41) . These investigators generated an intercalated cell-specific Cre-expressing transgenic mouse using an ATP6V1B1 promoter, which had previously been used to drive expression of enhanced green fluorescent protein (EGFP) (42) , to drive expression of Cre recombinase. The ATP6V1B1-Cre transgenic mouse demonstrated active Cre in all intercalated cells (type A, B, and non-A/B cells) within the kidney, whereas it was not active in any other cell type except in ϳ50% of principal cells within the connecting tubule only, a result similar to that observed in the B1-driven EGFP transgenic mice.
However, in support of functional evidence for H ϩ -ATPase activity in principal cells in rabbit CCD was the finding by Silver and Frindt (63) , based on functional studies similar to those performed in the present study, that principal cells in this species have a mechanism for H ϩ extrusion that is not blocked by Sch-28080, an inhibitor of the H ϩ -K ϩ -ATPase. While the molecular identity of the H ϩ extrusion pathway in principal cells was not determined in the latter study, the authors proposed the presence of an electrodiffusive pathway for protons in these cells, a speculation supported by the observation that the imposition of a chemical driving force for protons by altering extracellular pH alters principal cell pH i in a reversible manner (64) or that the Na ϩ -K ϩ -ATPase can substitute H ϩ for Na ϩ under Na ϩ -free conditions (47) . It should also be noted that we detected bafilomycin-sensitive H ϩ -ATPase activity in principal cells acidified to a pH i of ϳ6.2 and that this Na ϩ -and K ϩ -independent recovery "turned off" at a pH i of ϳ6.6. Studies by Silver and Frindt (63) and others (76) , in which principal cells were acid loaded to pH i values Ͼ6.7, would thus not have been expected to detect this transport pathway. A role for principal cells in maintaining acid-base balance has been further demonstrated by the finding that mice with targeted deletion of Rhcg in intercalated cells alone, subject to chronic acid loading to generate metabolic acidosis, demonstrate increased Rhcg immunolabel in principal cells in both the CCD and the OMCD (30) , an adaptation proposed to contribute to acidosis-stimulated ammonia excretion.
Our detection of apical immunolabeling of principal cells, albeit less intense than that observed in intercalated cells, in rabbit CCDs using an antibody directed against the V-ATPase, provides additional support for the presence of an H ϩ pump in principal cells, as suggested by our finding of bafilomycinsensitive pH i recovery from an intracellular acid load in DBApositive cells. While our detection of immunoreactive V-ATPase in principal cells in this study may reflect species-specific differences in V-ATPase subunit expression or differences between investigators in the methods used for immunolocalization, a careful review of the literature reveals evidence for immunoreactive H ϩ -ATPase in mammalian principal (or connecting tubule) cells. Alper et al. (1) reported a "delicate" labeling of the apical membranes of connecting tubule cells in rat cortex using an anti-V-ATPase E subunit antibody. Sabolic et al. (51) reported apical immunofluorescence labeling of principal cells in the rat cortical connecting segment using a polyclonal antibody directed against the vacuolar V-ATPase 31-kDa subunit. The 56-kDa B1 (ATP6V1B1) subunit was detected in principal cells in rat kidney (52) , associated with endocytic vesicles that are involved in the vasopressin-stimulated recycling of water channels to and from the apical membrane. However, the endosomes in those principal cells did not acidify their lumen, leading the authors to suggest that the 56-kDa subunit might be involved in the recycling of aquaporin-2 (AQP2) without contributing to endosomal acidification. To add to this controversy, Gustafson et al. (23) reported that in LLC-PK 1 cells, bafilomycin A1 blocks the recycling of AQP2, in the presence and absence of vasopressin, implicating a role for vesicle acidification via the V-ATPase in trafficking of AQP2, a process localized to principal cells. Based on the above, we propose that our current work brings important information to a controversial field, as we have confirmed the presence of a functional bafilomycin-sensitive H ϩ extrusion pathway in principal cells in the rabbit CCD and demonstrate immunoreactive V-ATPase subunits in these same cells.
In summary, increases in tubular (urinary) flow rate not only stimulate ENaC-mediated Na ϩ absorption and BK channelmediated K ϩ secretion (53) but also, as demonstrated in the present study, H ϩ -ATPase activity in the rabbit mid-CCD. We speculate that flow stimulation of H ϩ secretion in the distal nephron may contribute to diuretic-induced metabolic alkalosis. The mechanosensors and mechanisms underlying flow stimulation of the vacuolar H ϩ -ATPase have yet to be explored.
